LKB1 is a serine/threonine kinase that directly activates the energy sensor AMP-activated protein kinase (AMPK) in response to bioenergetic stress, and mainly acts as a tumor suppressor that controls cell polarity and proliferation. Although LKB1 is expressed in multiple tissues including the thymus and the spleen, its roles in T-cell development and function remain unknown. Here, we show that T-cell-specific deletion of LKB1 resulted in reduced survival of double-positive (DP) thymocytes and impaired generation of both CD4 and CD8 single-positive thymocytes. Disruption of LKB1 not only prevented the activation of AMPK but also impaired the expression of anti-apoptotic protein Bcl-XL. Importantly, ectopic expression of either Bcl-XL or the constitutively active AMPK mutant significantly rescued DP thymocytes from LKB1 deficiency-induced cell death. Moreover, ectopic expression of the constitutively active AMPK mutant was found to restore the expression of Bcl-XL in LKB1-deficient DP thymocytes. These findings identify LKB1 as a critical factor for the survival of DP thymocytes through regulation of AMPK activation and Bcl-XL expression.
Introduction
Intrathymic T-cell development is a time-consuming process, and survival is a prerequisite for thymocytes to undergo selection and maturation in the thymus. Therefore, thymocytes must efficiently acquire metabolic substrates from their extracellular environment and actively maintain cellular energy homeostasis at distinct developmental stages [1, 2] . Numerous studies have suggested that growth factors such as IL-7 and IL-4 promote nutrient uptake in T cells by increasing the expression of nutrient transporters [1, 2] , while intracellular molecules PI3K, AKT and TOR play important roles in the regulation of catabolic and anabolic metabolism [1] [2] [3] [4] . Specifically, Notch receptor, IL-7 receptor (IL-7R) and pre-T-cell receptor (pre-TCR) are expressed in the double-negative (DN) thymocytes, and signals transduced by these receptors accelerate the nutrient uptake and consequentially promote DN thymocyte survival [5] [6] [7] [8] , while TCR signal-induced Bcl-2 expression is essential for the survival of positively selecting thymocytes [9] [10] [11] . However, how the intermediate double-positive (DP) thymocytes, which do not express Notch and IL-7R molecules and whose survival is TCR independent [12] [13] [14] , actively prolong their life span to complete the TCRα (Tcra) recombination and wait for being positively selected remains largely unknown.
The serine/threonine (Ser/Thr) kinase LKB1 (also known as STK11) is the main upstream kinase of the AMP-activated protein kinase (AMPK) cascade that senses cellular energy state and adjusts cellular metabolism [15] [16] [17] . LKB1 directly activates AMPK in response to rising AMP:ATP ratio [16] . Once activated, AMPK phosphorylates several substrates, leading to repression of energy-consuming processes and simultaneous en-hancement of energy-generating processes, such as inactivation of mTOR, downregulation of protein synthesis, enhancement of glucose uptake and glycolysis, thereby maintaining cellular energy homeostasis [15, 16, 18] . LKB1 was originally identified as a tumor suppressor that modulates epithelial cell polarity and proliferation [15, 19] , and its inactivation is a hallmark of Peutz-Jeghers syndrome characterized by hamartomatous proliferation and gastrointestinal polyps [20] [21] [22] [23] . Moreover, LKB1 has been shown to participate in regulating early embryonic development [24, 25] . Germline knockout of LKB1 alleles results in embryonic lethality at mid-gestation with multiple developmental abnormalities [25] .
Because LKB1 plays an important role in regulating cellular energy balance and is expressed in thymus and spleen [22] , we were curious to know whether LKB1 is involved in regulating T-cell development and function. Here, we describe the generation and characterization of mice whose T cells lack LKB1 and show that T-cellspecific deletion of LKB1 resulted in reduced survival of DP thymocytes and impaired generation of both CD4 and CD8 single-positive (SP) thymocytes. Our studies indicate that LKB1 plays a critical role in the regulation of both the activation of energy sensor AMPK and the expression of anti-apoptotic protein Bcl-XL, through which LKB1 controls the survival of DP thymocytes.
Results

T-cell-specific deletion of LKB1 disrupts thymocyte development
To study the function of LKB1 in T-cell development, mice bearing a LoxP-flanked gene encoding LKB1 (LKB1 fl/fl ) [20] were bred with mice expressing the Cre recombinase under the control of the proximal Lck promoter (LckCre) [26] to generate LckCre + LKB1 fl/fl mice (homozygous mutant, thereafter referred to as LKB1-deficient). The floxed LKB1 alleles were efficiently deleted in thymocytes, but not in the tails of LKB1-deficient mice, as expected ( Figure 1A ). To follow LKB1 deletion during T-cell development, genomic DNA from sorted thymocyte subsets of LKB1-deficient mice was used to amplify the floxed and deleted alleles. We found that the deletion of floxed alleles started at the DN3 stage and was virtually complete at the DN4 stage ( Figure  1B) . Accordingly, the LKB1 mRNA was detectable in the DN3 cells (about 20% of control), but not in the DN4 (less than 2% of control) and DP cells (less than 2% of control) ( Figure 1C) . Notably, DP thymocytes from LckCre − LKB1 +/fl mice (non-deletion mutant, thereafter referred to as 'wild-type') expressed the highest level of LKB1 mRNA compared to other subsets from the same mice ( Figure 1C) .
To determine the impact of T-cell-specific deletion of LKB1 on thymocyte development, the thymic cellularity and subset composition of LKB1-deficient mice were analyzed. A fivefold reduction in total thymocyte number was found in the LKB1-deficient mice relative to LckCre − LKB1 +/fl mice ( Figure 2A) . Notably, LckCre + LKB1 +/fl mice (heterozygous mutant) had 15% fewer total thymocytes than wild-type mice (Figure 2A ), suggesting that LKB1 activity is sensitive to gene dosage. Fluorescence-activated cell sorting (FACS) analysis further revealed that LKB1-deficient mice had a marked Figure 2B ), and the final calculation indicated that the absolute numbers of DP, CD4 SP and CD8 SP, but not DN cells, in LKB1-deficient mice were significantly decreased ( Figure 2C ). Accordingly, the percentages of both CD4 and CD8 T cells from LKB1-deficient mice were notably lower than those of wild-type controls ( Figure 2D ), and a more than 10-fold reduction in total T-cell number was found in the lymph nodes of LKB1-deficient mice ( Figure 2E ).
LKB1-deficient mice exhibit a developmental block at the DN3 to DN4 transition
The dramatic reduction in thymic cellularity in LKB1-deficient thymus could be due to defects in the development of the early T-cell progenitors within the DN stage [8] . To examine the differentiation capacities of the DN thymocytes in LKB1-deficient mice, we fractionated DN cells by staining for CD44 and CD25 as described [27] . Little change was detected in the distribution of DN1-4 subsets between wild-type and heterozygous mutant mice ( Figure 3A) . Intriguingly, LKB1-deficient mice, in which the floxed LKB1 alleles were substantially deleted at the DN3 stage, had more DN3 cells and fewer DN4 cells compared with their wild-type controls ( Figure 3A and 3B). The increased DN3/DN4 ratio suggests that the transition from DN3 to DN4 was somewhat impaired in LKB1-deficient mice.
One of the critical events during early thymocyte development is TCRβ locus (Tcrb) rearrangement. Only cells that productively rearranged their Tcrb locus express the TCRβ chain that assembles with CD3 and pre-Tα molecules to form a signaling-competent pre-TCR, allowing their progression to the DN4 stage [8] . Analysis of intracellular TCRβ expression showed that LKB1-deficient DN3 and DN4 cells had similar subpopulations that had substantially expressed intracellular TCRβ Figure 3C ). We then asked whether these LKB1-deficient thymocytes could generate efficient pre-TCR signals. To assess this, we examined DN cells for the surface expression of CD2 and CD5 molecules, because the expression levels of these two molecular markers reflect the extent or intensity of pre-TCR signal [28, 29] . LKB1-deficient DN3 and DN4 thymocytes had lower expression levels of CD2 and CD5 than their wild-type counterparts, respectively ( Figure  3D ). Given that these cells expressed TCRβ proteins, LKB1 is thus likely required for efficient pre-TCR signaling, and attenuated pre-TCR signaling might well be a reason for the impaired transition from DN3 to DN4 stage in the absence of LKB1.
We reasoned that the attenuated pre-TCR signaling in LKB1-deficient mice could result in impaired cell proliferation and thereby contribute to the reduced thymic cellularity. However, the percentage of proliferative (S+G2/ M) DN3 and DN4 cells from LKB1-deficient mice were slightly higher than those of their control counterparts from wild-type mice ( Figure 3E ). These observations were somewhat unexpected, but were in agreement with the proposed role of LKB1 as a tumor suppressor [20, 23] .
LKB1-deficient DP thymocytes display accelerated apoptosis
Given that LKB1-deficient mice had almost the same DN cellularity as their littermate controls, we then reasoned that reduced thymic cellularity in LKB1-deficient mice could result from increased cell death of DP thymocytes. To analyze the impact of LKB1 disruption on cell survival, thymocytes were stained with annexin V, a ligand of phosphatidylserine that is expressed on the surface of apoptotic cells [30] . The percentage of annexin V-positive cells in LKB1-deficient DP thymocytes was found higher than that of their respective wild-type counterparts ( Figure 4A) . In vitro culture experiments were then performed and they revealed that the life span of LKB1-deficient thymocytes was shorter than that of control cells ( Figure 4B ). These observations indicate that LKB1 is required for DP thymocyte survival.
LKB1-deficient DP thymocytes fail to sustain the expression of Bcl-XL
The anti-apoptotic protein Bcl-XL is specifically expressed in DP thymocytes and contributes to their survival [31] . Consistent with their accelerated death rate, LKB1-deficient DP thymocytes failed to sustain the normal transcription of the Bcl2l1 gene (encoding Bcl-XL); moreover, the transcription of the orphan nuclear receptor gene Rorc (encoding RORγt, a nuclear factor that enhances Bcl-XL expression and promotes thymocyte survival) was also impaired in the absence of LKB1 ( Figure 5A ).
Based on the above observations, we were curious whether ectopic expression of Bcl-XL could rescue DP thymocytes from LKB1 deficiency-induced cell death. Thymocytes were transfected with the plasmid encoding green fluorescent protein (GFP)-tagged Bcl-XL (GFPBcl-XL) by electroporation after verifying that the addition of GFP did not alter thymocyte survival (Supplementary information, Figure S1 ). As shown in Figure  5B and 5C, ectopic expression of Bcl-XL efficiently extended the survival of LKB1-deficient DP thymocytes. 
LKB1 controls DP thymocyte survival through activation of AMPK
Considering that AMPK activity affects cell survival [16, 32, 33] , we wondered whether LKB1 deficiency-induced thymocyte death is due to defective AMPK activation. Given that phosphorylation of Thr-172 of AMPK is necessary for its activity [34] , the phosphorylation status of AMPK in freshly prepared thymocytes and sorted DP thymocytes was measured. The LKB1-deficient thymocytes showed a reproducible two to threefold decrease in AMPK phosphorylation relative to their controls ( Figure  6A ). Previous analyses had shown that depletion of the intracellular ATP pool by treatment with the glucose analog, 2-deoxyglucose, normally results in a rapid increase in AMPK phosphorylation [35] . Although this was the case in wild-type DP thymocytes, 2-deoxyglucose failed npg to increase AMPK phosphorylation in LKB1-deficient DP thymocytes ( Figure 6B ), suggesting that LKB1 is required for AMPK activation in thymocytes on energy stress.
We then asked whether ectopic expression of the constitutively active AMPK mutant (AMPK CA ), a recombinant AMPKα2 protein that contains a T172D mutation and is truncated at residue 312 [34] , could rescue DP thy- mocytes from LKB1 deficiency-induced cell death. To this end, thymocytes were transfected with the plasmid encoding GFP-tagged AMPK CA (GFP-AMPK CA ) by electroporation. Ectopic expression of GFP-AMPK CA but not of GFP efficiently promoted cell survival ( Figure 6C and  6D) . Importantly, ectopic expression of GFP-AMPK CA also promoted Bcl-XL expression in LKB1-deficient DP thymocytes ( Figure 6E ). These results demonstrate that LKB1 is required for thymocyte survival, and this effect is, at least in part, mediated by its activation of AMPK and upregulation of Bcl-XL.
Discussion
The Ser/Thr kinase LKB1 mainly acts as a bona fide tumor suppressor that is involved in the regulation of cell growth, proliferation and polarity [15, 19] . In this study, we identified LKB1 as an essential regulator of intrathymic T-cell development. A very recent publication from the Cantrell lab also reported that deletion of LKB1 prevents T-cell development [36] . Both studies showed that LckCre-mediated deletion of LKB1 in T cells led to reduced thymus size, blocked transition from DN3 to DN4 stage and impaired generation of CD4 SP and CD8 SP thymocytes. The main phenotypic difference is that the mice used in our study had more DP thymocytes than the mice used in their study, even though both kinds of LKB1-deficient mice had significantly reduced number of DP thymocytes than their control littermates. The phenotypic difference between the two studies might be caused by different expression pattern of the Lck promoter-driven Cre recombinase. Nevertheless, these LKB1-deficient DP thymocytes provide us an opportunity to study the molecular mechanisms by which LKB1 controls the survival of these cells.
Survival is one of the most important events in thymocyte development, and thymocyte survival greatly depends on extracellular signals [1, 2] . Since DP thymocytes express the anti-apoptotic molecule Bcl-2 and the trophic factors such as glucose transporter Glut1 and IL-7R at a low level [1, 2, 31] , short-lived DP thymocytes must efficiently maintain the cellular energy homeostasis and thereby extend their life span to be positively selected [1, 2] . However, the molecular mechanisms that mediate this process remain largely unknown. Interestingly, wild-type DP thymocytes express LKB1 at a high level and maintain basal phosphorylation of AMPK, which reflects that a substantial degree of AMPK activation is required for normal energy balance of DP thymocytes. LKB1-deficient DP thymocytes failed to do so, and moreover, they were unable to immediately elevate AMPK phosphorylation under energy depletion conditions. Interestingly, ectopic expression of the constitutively active form of AMPKα2 successfully rescued DP thymocytes from LKB1 deficiency-induced cell death. Notably, previous study showed that AMPKα1 deficiency does not affect thymocyte survival and development [37] . Considering that LKB1 is able to phosphorylate the T loop of at least 14 related protein kinases that belong to the AMPK subfamily [15] , it is possible that AMPKα1 deficiency may be compensated by other members of the AMPK subfamily. Taken together, LKB1 is critical for DP thymocytes to activate AMPK and extend their life span.
Bcl-XL is expressed in DP but not in DN or SP thymocytes, and plays a critical role in protecting DP thymocytes from death by neglect [38] , while the orphan receptor RORγt could prevent the death of premature thymocytes via upregulation of Bcl-XL [39] . LKB1-deficient DP thymocytes failed to sustain the expression of Bcl-XL and RORγt, and ectopic expression of Bcl-XL dramatically promoted the survival of LKB1-deficient DP thymocytes, implying that LKB1 deficiency-induced accelerated cell death is due to defect in maintaining the expression of Bcl-XL. Furthermore, ectopic expression of the constitutively active form of AMPKα2 restored the expression of Bcl-XL and at least partially rescued the survival of LKB1-deficient DP thymocytes. Thus, our results identify Bcl-XL as a novel downstream target of LKB1/AMPK signaling.
Defect in survival of DP thymocytes could be a main reason why LKB1-deficient mice failed to generate sufficient CD4 SP and CD8 SP thymocytes. Whether other defects also contribute to this failure remains to be defined. Of note, LKB1 heterozygous mice had 20% fewer CD4 and CD8 T cells than did wild-type mice in the periphery. Given that haploinsufficiency of LKB1 can cause dominantly inherited cancer [15, 19, 23, 40] , it would be of interest to investigate the relationship of host immune status and tumor development when LKB1 activity is aberrant.
Materials and Methods
Mice
The LKB1 floxed alleles [20] , as well as the LckCre [26] 
Antibodies
The following monoclonal antibodies used for staining and cell sorting were from BD Pharmingen: anti-CD4 (GK1.5 and RM4-4), anti-CD8α (53-6.7), anti-TCRβ (H57-597), anti-CD44 (IM-7), anti-CD25 (3C7), anti-CD5 (53-7.3) and anti-CD2 (RM2-5). Antiphospho-AMPKα (40H9) and anti-AMPKα (23A3) were bought from Cell Signaling Technology.
Cell preparation, staining and purification
Single-cell thymocyte or lymphocyte suspensions were prepared and surface stained as described [11, 42] . Cell fluorescence was acquired on a two-laser FACSCalibur (BD Biosciences) and was analyzed with FlowJo software. The intracellular staining was done as described before [43] . DN and DP thymocytes were sorted by a FACSAria II (BD Biosciences) after surface stained with anti-CD4 and anti-CD8 antibodies. DN1-4 subsets were purified by cell sorting after magnetic depletion of DP, CD4 SP and CD8 SP thymocytes (Miltenyi Biotec). Cell purity assessed by surface staining and flow cytometry was over 90%.
Cell cycle analysis
Cell cycle analysis was done as described [44] . Sorted DN3 and DN4 thymocytes were fixed by 70% ethanol, digested by RNase (200 µg/ml, Sigma), stained by propidium iodide (5 µg/ml, Sigma) and then analyzed by flow cytometry.
In vitro cell survival assay
In vitro cell survival assay was done as described [30] . Thymocytes were resuspended at a density of 1 × 10 6 cells per ml in complete RPMI 1640 medium, then placed in a cell culture incubator at 37 °C under 5% CO 2 for 12, 24, 36 and 48 h separately. Thymocytes were stained with annexin V and propidium iodide (Roche Applied Bioscience) and live cells were gated by exclusion of annexin V-and propidium iodide-positive cells.
Real-time RT-PCR
RNA was extracted and quantified as described [42] . RNA was reverse-transcribed to cDNA with SuperScript III First-Strand kit (Invitrogen). The mRNA levels of LKB1, Bcl2l1 and RORc were assessed relative to Hprt mRNA level by real-time RT-PCR (Rotor gene 6000; Corbett Life Sciences) with SYBR Green real-time PCR Master Mix (Toyobo Co Ltd). The data showed were relative values. Primers are listed in Supplementary information, Table S1 .
Electroporation transfection
Thymocytes (10 × 10 6 ) were suspended in 250 µl RPMI 1640 medium containing 5% FBS and 5% FCS without antibiotics and mixed with plasmids encoding GFP, GFP-Bcl-XL or GFP-AMPK-CA . Electroporation was done in a square wave electroporator (Gene pulser Xcell, Bio-Rad Laboratories) using the machine settings as described [45] : pulse length = 20 ms, pulses = 1, 4 mm Gap cuvettes and voltage = 360 V. Cells were harvested and analyzed at 18 and 24 h.
Statistics
All experiments showed were performed three times or more. The arithmetic means were calculated and shown as bar graphs and fold-line graphs with error bars of standard error of mean (SEM). Student's t-test was used for the comparison of two independent groups.
